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ABSTRACT 
 Dense suspensions, which consist of sub-millimeter particles suspended in a 
Newtonian fluid, undergo a dramatic solidification when subjected to sudden impact, as 
first described in M.A. Brassard et al.’s article in the 2020 Bulletin of the American 
Physical Society. The underlying physical mechanisms for this effect are not known. 
Recently, a class of added mass models has been proposed to explain this phenomenon. 
These models give direct predictions on the times and magnitudes associated with the 
peak stresses during impacts, including how these stresses vary with changes to the 
intruder mass and size. In this thesis, we performed impact experiments in cornflour and 
water dense suspensions. We varied the size, speed, mass and shape of the intruder and 
quantified the forces and times via high-speed imaging and acceleration sensors. We used 
dimensional and scaling analysis to confirm or disprove added mass models, and the aim 
is for our results to be used to test current theories and help derive future theories to 
explain impact-induced solidification in dense suspensions. 
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I. INTRODUCTION
Dense suspensions consist of sub-millimeter particles suspended in a Newtonian 
fluid. Once the concentration of particles is high enough, the suspension becomes non-
Newtonian, which means that it has a viscosity that can change as a function of the shear 
rate. Additionally, they solidify in response to impact. The resisting forces created by the 
solidification of the suspension are strong enough to completely stop an impacting object 
[1]. However, the underlying physical mechanisms for this effect are not known. Figure 1 
shows the interaction of a solid sphere with a loose suspension, while the bottom panel 
shows the interaction with a higher density suspension. In the low density case, the solid 
sphere penetrates the suspension; in the high density case, the solid sphere comes to rest 
on top of the suspension. This shows how a fluctuation of just 4% of concentration can 
change completely the way a suspension reacts when under impact. 
Figure 1. Solid sphere impacting loose (top) and dense (bottom) suspension. 
Source: [2]. 
A. MOTIVATION
The concept of walking on a liquid-like substance as shown in Figure 2 or for a
liquid to act like a solid in specific conditions is utterly counter-intuitive since it appears to 
defy the basic laws of physics, more precisely the basic understanding of how a fluid reacts 
when subjected to impact. Impact dynamics and other subject such as astrophysical 
applications, have generated a lot of research in the science community, more specifically 
the understanding of granular matter high-speed response [3]. Furthermore, the potential 
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uses of non-Newtonian fluids for protection of equipment and personnel is of interest for 
military forces around the globe and more specifically for me as an equipment engineer in 
charge of acquisition, sustainment and disposal of equipment for the Canadian Army. 
Another interesting fact is that this phenomenon is currently being researched by the U.S. 
Air Force Academy which has a working prototype of body armor capable of stopping .44 
caliber bullets [4]. 
 
Figure 2. Person walking on cornstarch and water suspension. Source: [5]. 
B. PROBLEM 
To try to explain impact-induced solidification of dense suspensions, previous 
studies have put forward physical models that give direct predictions on the times and 
magnitudes associated with the peak stresses during impacts, including how these stresses 
vary with changes to the intruder mass and size. However, the models are based on very 
limited data, and even more limited intruder parameter variation. In this thesis, we 
performed impact experiments into dense suspensions consisting of cornflour particles and 
water [1]. We varied the size, speed, mass, and shape of the impacting projectile and 
quantified the forces and times via high-speed imaging and accelerometer data. Another 
objective was to create a more comprehensive data-set that could be used to test current 
theories or models and to derive future ones that could better explain impact-induced 
solidification of dense suspensions. 
This thesis is organized into five chapters: 
3 
• Chapter I Introduction and Motivation 
• Chapter II Background 
• Chapter III Tabletop Experiment
• Chapter IV Results and Analysis
• Chapter V Conclusion
Chapter II provides a brief overview of the general concepts and theories used to 
develop the models we are going to be comparing our data to as well as a detailed 
description of two of the most relevant models, which our data will be compared to. 
Chapter III describes our experiment setup, the equipment and sensors used to gather the 
data, and the computer tools used to process such data. Furthermore, Chapter III will 
explain the plots used to show the data and more importantly the behavior of the 
suspensions under specific conditions. Chapter IV presents our results and our analysis of 
them against the current models and finally conclusions and recommendations for follow-
on work are given in Chapter V.  
4 
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II. BACKGROUND
A. DISCONTINUOUS SHEAR THICKENING
Incompressible Newtonian fluids are characterized by a constant viscosity, defined
as the ratio of shear stress to shear rate during steady flow. Suspending small particles in a 
Newtonian liquid can cause the combined material to behave in a non-Newtonian way, 
meaning that viscosity changes for different shear rates [5]. One remarkable example is 
DST; when sheared at low rates, they offer very little resistance, but the viscosity can 
increase dramatically and discontinuously with higher rate of shear [6]. The scientific 
community has often assumed that the impact response of dense suspensions is a direct 
consequence of DST [7]. However, recent studies show that suspension of cornstarch in 
water can support around 100 Pa, about 100 times less than what would be sufficient to 
support a person on the surface of a fluid [8]. So, it is not clear whether DST and the impact 
response arise from the same physical mechanisms. 
B. MICROSCOPIC ORIGINS OF SHEAR-INDUCED SOLIDIFICATION
A multitude of microscopic effects have been identified as possible contributors to
DST or impact-induced solidification and these effects have to be considered in order to 
understand what happens at the molecular level of dense suspensions. The effects are 
Reynolds dilatancy, Darcy flow, Jamming behavior, lubrication between contacts, and the 
organic nature of cornstarch particles.  
1. Reynolds Dilatancy
Reynolds dilatancy occurs for dry materials. Grains, if overly compacted, want to 
dilate under shear or, if loosely packed, want to compact under shear [9]. This effect has 
been observed for dry materials in the context of impacts [10]. Reynolds first showed that 
a dense granular packing must dilate when it starts to flow. When the intruder impacts the 
suspension, the pore pressure drops due to this dilation effect, which presses grains-grain 
contact together an enhances friction [2], which in turn amplifies the solid-like properties 
of the suspension.  
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2. Darcy Flow 
Another way that scientists have tried to explain the dramatic reaction of non-
Newtonian fluids under impact is the resistance of the fluid flow through the microscopic 
pore structure of the suspension. This concept has a strong dependence on the viscosity of 
the interstitial fluid and the grain size of the suspended particles [2]. When using a viscous 
interstitial fluid such as water, sucking fluid in through the porous structure when grains 
are dilating under shear is harder for smaller grains. Flow resistance goes up proportional 
to 1
𝑑𝑑2
 with decreasing grain size d. This effect is due to Darcy’s law and is defined as Darcy 
flow, which was first documented by Henry Darcy in 1856 [11].  
3. Jamming Behavior 
Jamming is defined as a transition from fluid-like to solid-like response of a 
particulate material [12]. Common disordered media in jammed state are found in our 
everyday life: such as tooth paste (packing of particles in a fluid) or shaving cream (packing 
of gas bubbles in a fluid). Mechanical variable such as stress can activate the jamming 
transition [12]. The particle phase of a dense suspension is near the jammed state when not 
subjected to stress, even without effects from the fluid. The cornstarch itself is a unique 
type of grain as it sticks together and can feel like a fluid even when dry.  
4. Lubrication Between Contacts 
One prominent theory is that DST arises when the stress is greater than some scale 
set by the repulsion caused by lubrication films between particles [13]. This suggests that 
friction discontinuously activates when an intruder impacts or shear the suspension hard 
enough, resulting in the particles to break through the fluid forces and make solid to solid 
contact. This is the model that is more likely to explain DST, however there is limited 
experimental research or data validating it due to the difficulty of obtaining data on grain-
scale processes.  
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5. Organic Structure of Cornstarch
The organic nature of cornstarch makes it an even more complex system to 
understand or predict its behavior. Recent studies have showed how the microscopic 
interaction between particles is connected to the macroscopic behavior for dense cornstarch 
suspension [14]. Taylor has shown the shear-thickening nature of cornstarch suspensions 
can be suppressed by modifying its dielectric properties by replacing water with 
polypropylene glycol [15], [16]. Furthermore, it has been shown that gradually replacing 
the water with ethanol shows the same pattern. Follow-on studies used atomic force 
microscopy to study how grain-grain interactions affect the microscopic behavior. This 
showed evidence that polymer chains on the surface of cornstarch particles strongly affect 
the behavior [14]. These polymer brushes further enhance frictional behavior of cornstarch 
particles. 
C. MODELS
Recent efforts have been made to build a model based on these five factors. It is
likely not necessary to include all, since one or two of these aspects more than likely 
dominate the dynamics of such a complicated physical system in any given regime. Here 
are two examples of how scientists have recently tried to do develop models to explain the 
non-Newtonian behavior of such suspension: the added mass model and the pore pressure 
feedback mechanism. 
1. Added Mass Model
The added mass model was suggested by Waitukaitis and Jaeger in 2012 [1]. This 
model explains the solidification under impact by the growing region of moving mass 
following impact of the intruder, which slows down very rapidly due to the conservation 
of momentum, as shown in Figure 3. In the context of the microscopic mechanisms 
previously discussed, the added mass model is based on jamming as well as a long 
relaxation time of the material, which arises from some combination of the other four 
effects. The model also shows that the external forces such as gravity and buoyancy do not 
strongly affect the peak forces. The data from their experiment will be used and plotted 
with our experiment data to compare the predictions. 
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Figure 3. Cartoon depiction of the growing mass of solid like material 
beneath the intruder. Source: [1]. 
Waitukaitis and Jaeger demonstrated that the “stresses created by an impact-
generate [d] solidification front that transforms an initially compressible particle matrix 
into a rapidly growing jammed region, ultimately leading to extraordinary amounts of 
momentum absorption’’ [1]. Their experiment was very similar to ours, with the main 
difference being that they only used a single intruder and varied the speed of the intruder 
and the density of the suspension. The rod dynamics are captured by the following force 
balance equation: 
 
 (𝑚𝑚𝑖𝑖 + 𝑚𝑚𝑎𝑎) 𝑎𝑎𝑖𝑖 =  −�
𝑑𝑑𝑚𝑚𝑎𝑎
𝑑𝑑𝑑𝑑 �
𝑣𝑣𝑖𝑖 + 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 , 
(1) 
Where 𝑚𝑚𝑖𝑖 is the mass of the intruder, 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 comes from gravity, 𝐹𝐹𝑔𝑔 =  −𝑚𝑚𝑖𝑖𝑔𝑔, and the 
buoyant force of the suspension, 𝐹𝐹𝑏𝑏 ≈ 1 3⁄ 𝜋𝜋𝜋𝜋𝑔𝑔 (𝑅𝑅𝑖𝑖 + 𝑘𝑘 |𝑧𝑧𝑖𝑖|)2|𝑧𝑧𝑖𝑖|. 𝑎𝑎𝑖𝑖 , 𝑣𝑣𝑖𝑖 , 𝑧𝑧𝑖𝑖 are the 
acceleration, velocity and position of the intruder, 𝜋𝜋 the specific density of the suspension, 
𝑚𝑚𝑎𝑎 is the growing cone-like region of mass 𝑚𝑚𝑎𝑎 =  𝑐𝑐𝜋𝜋𝑔𝑔
1
3
 𝜋𝜋 (𝑅𝑅𝑖𝑖 + 𝐾𝐾|𝑧𝑧𝑖𝑖|)2|𝑧𝑧𝑖𝑖| where 𝑅𝑅𝑖𝑖 is 
the intruder’s radius. Finally the empirical propagation constants are 𝑐𝑐 = 0.37 and  𝑘𝑘 = 
12.5 [1]. 
An illustration of their experiment is shown at Figure 4 to show how their 
experiment is very similar to ours, except that they used a sling shot like mechanism to 
accelerate the intruder. Our experiment used gravity only to accelerate the intruder. As 
stated in Chapter I, our study will include parameters similar to their experiment, but with 
a much larger number of varying characteristics of intruders.  
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Figure 4. Added mass model experiment setup including sling shot 
mechanism. Source: [1]. 
The key prediction of the added mass model is that the mass of the intruder is the 
main factor influencing peak forces, while the shape of such intruder has very little 
influence on said forces. This model was investigated further by Mukhopadhyay, Allen 
and Brown in 2018 [9] and one of their findings is that the peak force should scale with the 
velocity squared, as shown in equation 2.  
𝐹𝐹𝑚𝑚𝑎𝑎𝑒𝑒 ∝ (𝑣𝑣0)2 (2) 
where Fmax is the peak force and v0 the impact velocity. 
2. Pore Pressure Feedback Mechanism
The pore-pressure mechanism was suggested by Jerome, Vandenberghe and 
Forterre in 2016 [10]. This model is based primarily on Darcy flow and Reynolds dilatancy. 
These authors try to explain the impact response of a fully saturated granular bed, which is 
a system closely related to a dense suspension, due to the fluid flow through the 
microscopic pore structure. The pore-pressure feedback mechanism is defined as a 
combination of the deformation (Reynolds dilatancy) of the medium and the pressure 
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(Darcy flow) of the liquid between the particles [18]. Figure 5 shows how their experiment 
measured the interstitial fluid pressure. Their experiment was very different from ours as 
it is focused on the reaction within the particle-fluid mixture, not the forces acting on the 
intruder, as they were measuring the interstitial fluid pressure in a dense suspension made 
of microscopic glass beads and water. However, they claimed their findings also applied 
to dense suspensions, including cornstarch and water. 
 
Figure 5. Pore-pressure feedback mechanism experiment. Source: [2]. 
The main prediction of interest for our research from the pore-pressure model is 
that the intruder size plays a dominant role in the dynamic setting of the peak forces and 
times, which directly contradicts conclusions from added mass model. Equation 3 is a 
prediction form the pore pressure feedback mechanism; it shows the direct relation between 
the pressure 𝑃𝑃𝑓𝑓 beneath the intruder and the size of the intruder. 
 𝑃𝑃𝑓𝑓 ~ −
𝜂𝜂𝑓𝑓
𝑘𝑘
𝛼𝛼𝛼𝛼𝛼𝛼𝑉𝑉𝑝𝑝𝐿𝐿  (3) 
where Pf is the pore pressure, ηf the fluid viscosity, k the medium of permeability which 
scales exponentially with the grain size (k 𝛼𝛼 𝑑𝑑2). α is the is a constant of order unity, 𝛼𝛼𝛼𝛼 =
 𝛼𝛼0 − 𝛼𝛼𝑐𝑐, 𝑉𝑉𝑝𝑝 is the velocity scale for the particles velocity field and L the typical extend up 
to which the deformation is experienced by the granular bed. The length scale L of material 
11 
deformation obviously depends strongly on the intruder size D. Thus, this model predicts 
the forces depend strongly on the size of the intruder.  
Dense suspensions are complicated in nature and are affected by several complex 
effects at the microscopic level. These two models briefly explained offer realistic and 
comprehensive explanations to the dramatic behavior of such suspension but present some 
gaps that our experiment will try to fill, using a more comprehensive set of data.  
12 




In order to be able to drop various intruders from different heights (to generate
different speeds) we build a drop tower with an electromagnet attached to it. Figure 6 shows 
our experiment with every key component clearly identified. The drop tower was built out 
of square laboratory tubing and was fixed to a thick aluminum block in order to be very 
stable yet easily moveable. A platform was attached to the tracks of the tower to it can 
easily be moved vertically to allow for drops from approximately 1 cm to 60 cm, allowing 
for initial speed of impacts from 0.1 to 4 m/s. On the platform, the electromagnet (powered 
by a DC power supply) was attached and was used as a dropping mechanism. An 
accelerometer was connected to the intruder using ultra-light wire and was connected to 
the computer via USB. A high-speed camera was set on rails that were fixed on the 
experiment table so its height could be adjusted precisely and to ensure the camera 
wouldn’t be moved, ensuring consistent footage. The camera was connected to the 
computer using a network cable so it could be controlled using the computer and the data 
be saved directly on computer. Finally, a bright light source was placed behind the tower 
and suspension container to ensure maximum contrast between the intruder and 
background. This allows video tracking of the intruder’s position, as discussed in the 
following sections.  
14 
 
Figure 6. Tabletop experiment with key components identified 
For improved stability of the impact of the intruder in the suspension, we used a 20 
cm long threaded rod which helped with rotational stability since it had a larger moment 
of inertia. This ensured that the intruder struck the surface while the rod was vertical. The 
rod also served as mounting space for extra weights. When using intruders of shapes 
different than spheres, we added a small sphere on the rod in order to allow tracking of the 
intruder via MATLAB using the same code we would use to track the sphere-shaped 
intruder. We quickly realized that tracking a sphere mounted above the intruder itself was 
more efficient, as the intruder would be easier to track even after impact, as it would still 
be fully visible. Figure 7 shows our optimal setup using the steel rod with the sphere to be 
tracked in MATLAB as well as additional weights mounted on the rod in order to meet 
specific total mass.  
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Figure 7. Intruder mounted on steel rod with tracking sphere and extra 
weights mounted on rod 
B. SUSPENSION
The cornstarch and water suspensions were created using tap water and food grade
cornflour, as it was determined that it was not financially worth using laboratory grade 
distilled water and cornflour, and since other experiments had already confirmed that the 
food grade cornflour give similar effects to lab grade [1], [5]. We tested concentrations of 
46 and 49% by volume and found nearly identical results, which agrees with reference [1]. 
Therefore, for the remainder of the experiments discussed, we used 46% by volume; which 
was also easier to mix. To calculate the volume fraction ratio, we assumed the cornstarch 
had specific gravity of 1.6 [17], which means that a weight ratio of cornstarch to water of 
1.36 is equivalent to a volume fraction of 0.46. All of our suspensions were measured by 
weight to these specifications. The suspension was mixed once or twice during a 3 hour 
period of experimenting, as it was already proven that having a fine layer of water on top 
of the solution due to sedimentation was not affecting the peak forces [1]. 
C. PROCESS
Using LabVIEW, we automatized our drop process with the help of Dr Joshua
Dijksman from the Wageningen University & Research (Netherlands), who visited our lab 
in the summer of 2019. The key components of our experiment (electromagnet, camera, 
and accelerometer) were linked to LabVIEW allowing for everything to be activated with 
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a single click. LabVIEW would then create the files needed with the proper naming 
convention and record the accelerometer data to a Excel compatible document that could 
then be easily accessed and used by MATLAB. The final step to record all the necessary 
data for a specific drop was to crop the video footage to the length desired and saved it 
using the camera software, which came to 1 – 3 GB of data per drop.  
Once our drops were all completed, every video was transformed into a series of 
pictures using the high-speed camera software so they could later be processed using 
MATLAB. The resolution of the videos filmed by the high-speed camera was between 
175,000 and 230,000 frames per second which offered great resolution to calculate the 
position using MATLAB.  
D. INTRUDER VARIATIONS 
In order to create a more comprehensive set of data that would be diverse enough 
to validate current models or develop new ones, the intruder shape, sharpness, size, mass, 
and speed were varied.  
1. Shape 
The different shape of intruders used were spheres, cones and cylinders and the 
shapes are shown in Figures 8, 9 and 10. Spheres were purchased from an online store with 
threaded holes in the back. Cylinders and cones were machined to precise diameters, angle 
and mass. We would like to thank Mr. Steven Jacobs for his mentorship and help with the 
realization of our project.  
2. Sharpness 
For the cones, the effect of the sharpness of the intruder was investigated by 
creating 6 cones of same mass but of 6 different sharpness going from a blunt cylinder of 
sharpness angle 0 degrees to a very sharp intruder of sharpness angle of 70 degrees. The 
different cones are shown in Figure 9. These edges were machined using a lathe by 
removing material from a cylinder by moving the cutting tool at a specific angle.  
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Figure 8. Set of cone-shaped intruders of different sharpness of angle, from 
left to right: 0o, 20o, 35o, 45o, 55o and 70o 
3. Size
For spheres and cylinders, we varied the size of the intruders in order to see how 
the size would influence the peak forces for intruders of different sizes but same mass. This 
is particularly relevant for the pore-pressure model discussed in Chapter II section C.2. 
Figure 10 shows the different sizes of spheres we used and Figure 11 shows the different 
cylinders used.  
Figure 9. Set of sphere shaped intruders of different radius. From left to 
right radius of: 6cm, 4cm, 2.5cm, 1.5cm and 1 cm 
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Figure 10. Set of cylinder shaped intruders with different radius. From left to 
right radius of: 2.5cm, 1.0cm and 0.6cm 
4. Mass 
The mass of the intruder was changed by adding weights on to the steel rod. This 
allowed for the total mass of the intruder to be varied without changing the actual intruder. 
Figure 7, shows how different cylinders and rings were used to precisely adjust the mass 
of an intruder.  
5. Speed 
The speed of the intruder was varied using the height of the tower, as the only force 
acting on our intruder to accelerate it was gravity. The speed of the intruder at impact was 
calculated using the high speed imaging and the MATLAB process described in the next 
section. Drops occurred from a height going from 1 to 65 cm translating into speed between 
approximately 0.1 and 4 m/s. the drop velocities were also validated using the video 
tracking discussed in following section.  
E. TRACKING USING MATLAB CIRCLE FINDING ALGORITHM 
In order to calculate the velocity and acceleration, we had to measure the position 
of the intruder for every frame during the video of an impact. This would later on also help 
us validate the accelerometer data as well as give us the impact velocity. Using a modified 
MATLAB circular Hough code developed by Dr Clark during his PhD work, we plotted 
the position of the intruder for each frame of a video of an impact. It is also important to 
note that MATLAB does have a built in circular Hough functions but the code we used had 
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a better success rate at finding the position of the intruder at each frame, creating more 
precise trajectories. All positions of the intruder for an entire drop were then compiled and 
saved into a spreadsheet by MATLAB. Figure 11 shows the result of the MATLAB process 
of finding the sphere and plotting its center for every single frame of the video. As a 
reference, the typical impact video was 0.1 seconds long, which translated in approximately 
23,000 images. From those pictures MATLAB produced a position plot of over 20,000 
points. To convert the trajectories into velocity and acceleration data, we had to take 
derivatives of noisy, discrete data. This requires low-pass filtering, meaning that some 
high-frequency data is lost [18]. However, the accelerometer directly records the 
acceleration, and we compare the video tracking data with the accelerometer as discussed 
in the following section.  
Figure 11. Image of the MATLAB tracking and marking the position of the 
center of the sphere 
F. ACCELEROMETER DATA
The Sparkfun accelerometer used could record up to 200 times the gravitational
acceleration with a precision of ± 0.3G. Figure 12 shows the accelerometer itself. 
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Figure 12. Sparkfun accelerometer front (left) and back (right) 
The accelerometer was sealed using epoxy glue to ensure it wouldn’t get damaged 
by the water-based suspension. The accelerometer data was managed and neatly put into a 
spreadsheet file by LabVIEW. That data was then converted from volts to 𝑚𝑚
𝑠𝑠2
 using the 
conversion ratio provided by the manufacturer. At first, a rate of 1000 samples per second 
was used, but we quickly realized the accelerometer needed faster sampling rate to capture 
the times surrounding the peak forces so the sampling rate was adjusted to 5000 samples 
per second.  
G. PLOTTING AND VISUALIZATION OF BEHAVIOR
Using the trajectories created by the circle finding algorithm, the speed and
acceleration were created using differentiation in MATLAB. From there, the position, 
velocity and acceleration as a function of time could be plotted, and an example is shown 
in Figure 13. 
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Figure 13. Image of position (top), velocity (center) and acceleration 
(bottom) plots created by the MATLAB derivation process. Note 
that the acceleration pot includes both the video (black) and 
accelerometer (blue) data 
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IV. RESULTS AND ANALYSIS 
When intruders move through fluid-like materials, the forces typically scale with 
the velocity to some power. For example, viscous forces for an object moving in a 
Newtonian fluid scale linearly with velocity. Forces for a fast-moving object often scale 
with velocity squared, due to inertial effects. To analyze our data for each intruder, we 
assume a form for the peak forces as some constant times the intruder velocity to some 
power,  
 𝐹𝐹𝑚𝑚𝑎𝑎𝑒𝑒 = 𝐴𝐴(𝑣𝑣0)𝛽𝛽  (4) 
Here, Fmax is the peak force, v0 the impact velocity and A and ß constants.  
All of our data presented in the remainder of this Chapter is consistent with this 
concept of the peak forces scaling with the impact velocity raised to a power of around 
1.5( 𝑣𝑣01.5 ). However, reference [8] gives an analysis of the added mass model and predicted 
the forces scale with 𝑣𝑣02.  
A. FORCE VS. SPEED 
As earlier stated, reference [8] gives an analysis of the added mass model developed 
by Waitukaitis [1], showing that the peak forces according to this model should scale with 
the velocity squared, as shown by equation 1, which is consistent with inertial or collision-
based physical processes [19]. Figure 14 shows a plot of the peak forces as a function of 
the velocity at impact with both axes having logarithmic scale for three different types of 
intruders (cone, cylinder and sphere) as well as the Waitukaitis data. Figure 14 shows how 
the slope of our data is very consistent with data from Waitukaitis. However, both our data 
and data from Waitukaitis shows a slope (value of ß) closer to 1.5. This value is consistent 
for all of our data for all types of intruders and will not be validated further even if 
graphically shown in some of the following Figures. This finding was unexpected, and it 
represent a major result of this thesis, as shown in Figure 14 but also throughout this 
Chapter, since it means the added mass model, as currently formulated, is fundamentally 
incorrect. Power law are often very robust, meaning that if something is inertial or 
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collisional, there will be direct link with 𝑣𝑣02. None of our data is consistent with 𝑣𝑣02, 
meaning that other physics mechanisms besides simple momentum transfer is driving the 
peak forces.  
 
Figure 14. Plot of the peak force as a function of impact velocity for cone, 
cylinders and spheres and Waitukaitis data.  
The remainder of our data is shown to help develop future models or test current 
ones that are not directly explored in this thesis. We will show how the parameter A in 
equation (4) depends on the mass, size and shape of the intruder and comment how the 
predictions from the previously discussed models compare to our data.  
B. FORCE VS. MASS 
In order to investigate the effect of the mass of the intruder on the peak forces, we 
used cylinders of the same radius but of various masses (0.0412 kg, 0.145 kg and 0.227 
kg). Figure 15 shows the plot of the peak forces as a function of initial velocity of the 
intruder for the three cylinders.  
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Figure 15. Plot of the peak force as a function of impact velocity for 3 
cylinders of same size but different mass 
In Figure 15 we see the peak forces increase with the mass of the intruder, which is 
in line with the added mass model since it states that the mass of the intruder is the main 
contributing factor in the setting of the peak forces. The pore pressure model would predict 
very little variation since the intruder size remains the same, which is not observed. 
Using the same data, we investigated the predictions of the parameter A from the 
added mass model and equation (4). Figure 16 shows the value of the parameter A as a 
function of mass of the intruder for both our experiment data for 3 cylinders of different 
mass and the added mass model predictions.  
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Figure 16. Plot of the parameter A as a function of mass for cylinders of same 
radius but different mass and the added mass model predictions 
Figure 16 shows our data is consistent with the added mass model predictions on 
how the parameter A increases with mass. The black dashed line shows mass raised to the 
two-thirds power, based on added mass model simulations created by a MATLAB script 
[19]. This suggests that a modified added mass model could predict the overall behavior as 
it predicts well the parameter A. 
C. FORCE VS. DIAMETER 
In order to investigate the effect of the contact surface or diameter of the intruder 
on the peak forces, we used cylinders of the same mass but of various diameter (12.5 mm, 
25 mm and 50 mm). Figure 17 shows the plot of the peak forces as a function of initial 
velocity of the intruder for the three cylinders.  
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Figure 17. Plot of the peak forces as a function of the velocity at impact for 
cylinders of different radius but same mass and the added mass 
model predictions 
In Figure 17 we see the peak forces show a substantial increase with the diameter 
of the intruder, meaning that the shape is a factor in the scaling of the forces even though 
it does not seem to be the driving factor. This slight effect of the shape on the forces does 
not support fully nor disprove the two models presented.  
Next, we investigated the effect of the diameter of the intruder on the parameter A. 
Figure 18 shows parameter A as a function of the diameter of the intruder for our 
experiment data for three cylinders and three spheres of different radius but roughly all the 
same mass and the added mass model predictions.  
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Figure 18. Plot of the parameter A as a function of diameter of the intruder 
for different cylinders and spheres and the added mass model 
predictions 
For all the intruders in Figure 18 the parameter A is generally between 14 and 32, 
and most of the data points are close to the mean of around 22, which is also very close to 
the added mass predictions. Once again, this data shows that the mass of the intruder, not 
the shape of it, seem to be the driving factor in the setting of the forces. The cylinders have 
an increase of diameter of a factor 4 meaning an increase of factor 16 in contact area; this 
however only translate in the parameter A doubling. This shows again that the size of the 
intruder is not a dominant factor in the setting of the peak forces. For example, if the 
pressure were set by some impact speed, the parameter A would be linearly linked to the 
intruder contact area and would scale with the diameter squared, which is not even close 
to what we see here.  
D. FORCE VS. SHAPE 
1. Cylinders and Spheres 
Next we investigate the effect of the shape of the intruder in the setting of the peak 
forces using 6 intruders of the same mass: three spheres of varying diameter (20 mm, 30 
mm and 50 mm) and three cylinders of varying diameters (12.5 mm, 25 mm and 50 mm). 
Figure 19 shows the plot of the peak forces as a function of initial velocity of the intruder 
with both axes having logarithmic scale. 
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Figure 19. Plot of the peak forces as a function of the velocity at impact for 
different spheres and cylinders 
Here we see that the data shows very weak dependence on intruder shape, which is 
consistent with the added mass model which states that the mass of the intruder plays the 
dominant role in the setting of those peak forces, not the size of such intruder. This data is 
however not consistent with the pore-pressure model which would suggest a much stronger 
dependence on size of the intruder. 
2. Cones 
To systematically investigate further the effect of the shape, we studied cones, 
which are simpler than spheres (continuously changing) and cylinders (perfectly normal 
impact difficult, so small rotations to intruder may be important). In order to do that, we 
used the cones shown previously in Figure 8. Figure 20 shows the plot of the peak forces 
as a function of initial velocity of the intruder with both axes having logarithmic scale. 
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Figure 20. Plot of the peak forces as a function of velocity at impact for cones 
of different angle 
Here we see that the data shows very weak dependence to sharpness or the contact 
surface of the intruder, since the peak force between the flat cone and the 70 degree one is 
very small, almost negligible. This is consistent with the added mass model since the mass 
and not the shape is the dominant factor; however, it contradicts the pore pressure model, 
which once again would suggest a much larger dependence on size and shape of the 
intruder. Another interesting fact is that the angle seems to be playing a very weak role; 
suggesting that the angle does not affect how the forces are transmitted from the intruder 
to the solution.  
Next, we investigated the effect of the sharpness of the intruder on the parameter 
A. Figure 21 shows parameter A as a function of the angle of the intruder diameter of the 
intruder for all of our cone-shaped intruders.  
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Figure 21. Plot of the parameter A as a function of cone angle of the intruder 
for different cones and a cos(θ) function 
Figure 21 shows that the parameter A depend slightly on the shape of the intruder 
but does not fall off as fast as the cos(𝜃𝜃) function suggesting that the magnitude of the 
peak force depends only slightly on the shape or in this case, the sharpness of the intruder. 
Reference [19] suggests that for collisional drag, forces should decrease with cos2(𝜃𝜃) 
which would be dropping even faster showing once again that the dependence on shape is 
very weak.  
E. TIMES 
So far, we have shown that the added mass is broken as it predicts 𝐹𝐹𝑚𝑚𝑎𝑎𝑒𝑒 ∝ 𝑣𝑣02 and 
our data consistently shows 𝐹𝐹𝑚𝑚𝑎𝑎𝑒𝑒 ∝ 𝑣𝑣01.5. With this in mind, we realized that studying the 
time dynamics might give insights on the fundamental physics responsible for this distinct 
power-law scaling. Figure 22 shows the time dynamics for slow and fast impacts for 4 very 
different intruders.  
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Figure 22. Plot of acceleration as a function of time for slow and fast impacts 
of different intruders (3 cm sphere, 35-degree cone, 70-degree 
cone and large 5cm cylinder) 
Figure 22 shows that the deceleration profile following impact depends on shape, 
as the curve of the acceleration as a function of time follow a much more complex pattern 
for odd shaped intruder such as the sharp cone and the large diameter cylinder, suggesting 
that the initial rise in force is affected by the shape of the intruder. Another interesting fact 
is that the flat shape creates a much faster deceleration than the cone shape; and furthermore 
the sharper the cone is, the slower it decelerates. These two observations might support the 
pore pressure model as the shape affects the times needed for the peak forces to happen. 
To analyze the time dynamics further, we decided to focus on our cone data since 
they have the simplest shape since the angle is constant, unlike spheres. Figure 23 shows 
the acceleration as a function of time and the normalized acceleration as a function of the 
time multiplied by the cosine of the cone angle. It shows that the rise of the force up to the 
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peak depends strongly on shape; but then the relaxation does not appear to depend on shape 
as strongly, meaning it may be mainly driven by the suspension.  
 
Figure 23. Plot of acceleration as a function of time (left) and of the 
acceleration over acceleration max as a function of the time 
multiplied by cos(θ) (right).  
Next, we plotted the max time as a function of impact velocity for our cones at 
Figure 24. Here we see that the peak time tends to decrease with impact velocity which is 
consistent with the added-mass model although it predicts a sharper decrease of 𝑑𝑑𝑚𝑚𝑎𝑎𝑒𝑒 with 






Figure 24. Plot of the maximum time as a function of the impact velocity for 
different cones.  
Finally, to investigate the relaxation portion further, we plotted the acceleration as 
a function of time during relaxation (Figure 25). Here we see that the relaxation of all of 
our curves follow an exponential decay and that the dependence of the force as a function 
of time can be shown by 𝐹𝐹(𝑑𝑑)  ∝  𝑒𝑒 −(𝑒𝑒−𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚)
𝜏𝜏
 meaning that the forces in the material tend 
to decrease according to exponential decay with a timescale that is not dependent on the 
shape.  
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Figure 25. Plot of the acceleration as a function of time during the relaxation 
for different cone and exponential decay (black line) 
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V. CONCLUSION 
This thesis studied impacts into cornstarch and water dense suspensions. We varied 
the size, shape mass and speed of our intruder sand captured videos of the impacts using 
high speed imaging and acceleration using sensors. Our video footage was then used to 
create trajectories using a circle finding algorithm in MATLAB which allowed us to 
calculate the peak forces.  
The central result of this thesis is that the peak forces scale with the impact velocity 
raised to the 1.5 (𝐹𝐹𝑚𝑚𝑎𝑎𝑒𝑒 ∝ 𝑣𝑣01.5) which is consistent with all of our data. This is in direct 
contradiction with the added mass model or any other model based on momentum transfer 
alone, which predicts that the peak forces scale with the velocity squared (𝐹𝐹𝑚𝑚𝑎𝑎𝑒𝑒 ∝ 𝑣𝑣02). 
Other key features of the complex physics mechanism of dense suspension were 
also studied. Our secondary conclusion is that certain aspects, such as the time scale of the 
force build up, appear to be primarily controlled by the intruder size and shape. Other 
aspects such as the magnitude of the peak force at impact seem to be controlled by the mass 
of the intruder. Overall, several aspects, such as how the pressure increased with mass, 
were consistent with the added-mass model suggesting that a modified added-mass model 
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